ABSTRACT In this paper, we present a novel type of tunable gravity tailored metamaterial absorber (TGTMA) which can obtain a broadband absorption. Both seawater and oil are filled in the grooves inside the glass structures, which are the resonators of an absorber. The proposed absorber can be regulated by the gravity field, which is a brand new one compared with the previous designs. When the operating state of such a TGTMA is adjusted from one to another, a marvelous alteration of absorption can be achieved. For TM wave, the absorption band runs from 5.6 to 7.91 GHz which is over 90%, while the absorption keeps larger than 90% from 4.32 to 5.83 GHz when this absorber is rotated 180 • in xy plane. The larger incident angle is the better performance of this TGTMA can be achieved. Further, the simulation results of the structure parameters are discussed. The surface current distributions, the power flows, and the power loss densities are also given to expound the physical mechanism of the proposed absorber. Importantly, compared with most of current tailoring approaches of the absorbers, the proposed method is more convenient.
I. INTRODUCTION
As a kind of advanced artificial material, the metamaterial can be in possession of inverse negative permittivity and negative permeability [1] . Thanks to these peculiar characteristics which are hardly found in nature, more researches have been done on the metamaterial cloaking [2] , [3] , perfect lens [4] - [6] , absorbers [7] - [11] et al. In the past decade, the absorber has become a hot topic after the demonstration of the first microwave perfect absorber which was presented by Landy et al. [12] . Since then, the classic sandwich structure, a metal-dielectric-metal configuration, has became a mainstream structure of the absorbers. Gradually, more essays focus on the new breakthrough structures, for instance, employing a new three-dimensional structure [13] or putting the metal into the dielectric layer [14] .
Using the liquids as the resonant dielectrics is a new trend in recent years. Water, which is ubiquitous, inexpensive and environmentally friendly in nature, is firstly taken into account [15] . Water-based absorbers, as a promising
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all-dielectrics metamaterial absorber, has been proposed to solve the problem that the metallic absorbers generally obtain a narrow absorption frequency band because of metal's own limitations [16] - [20] . As a normal form of dielectric which is existence in nature, water droplet is considered to be a new electromagnetic absorbing physical structure which can be adjusted by the shape of water droplet-height and its diameter as well as applying to different dielectrics [16] . Zhao and his mates presented a water-tube design which can remain over 90% absorptivity from 5 GHz to 15 GHz [17] . However, an untailored absorption bandwidth is no longer able to meet the need of nowadays requirements. The regulatory characteristic is a significant role in practical application of absorbers [10] , [21] - [25] . Compared with the temperature regulation [22] - [23] and plasma adjustment [25] , the gravity tailored may be an up-to-date subversive regulation approach and it can change the operating frequency of absorber in a non-contact way. It is more convenient and effective to achieve the tunableness.
In this paper, due to the role of gravity field, a new type of tunable gravity tailored metamaterial absorber (TGTMA) is proposed, whose operating band can be regulated by rotating it 180 • in xy plane. When TGTMA is in the rotated state, a marvelous alteration of absorption can be achieved. For TM wave, the absorption region over 90% runs from 5.6 to 7.91 GHz, while the absorption keeps higher than 90% from 4.32 to 5.83 GHz after rotating such an absorber 180 • in xy plane. Such a TGTMA can be a handy tunable equipment in a non-contact way. Moreover, the better performance can be observed in the larger incident angle case, and the electric distribution, the electric field and the power loss density are also investigated to figure out the physical mechanism of the proposed absorber.
II. DESIGN AND SIMULATION
As shown in Fig.1 , the unit cell of proposed TGTMA includes a metal (copper) ground plane and two special U-shaped glass tubes (εr = 4.82, tanδ = 0) with liquid inside. The upper tube consists of three hollow cylinders and two hollow rings whose outer and inner diameters are both 3.5 mm and 3 mm. The bottom tube is a cuboid with a inner soild right-angle U-shape and a outer cylinder removed. The two tubes are interconnected and two 0.01mm thin slices are placed on the top of the bottom tube to seal the tube because the two tube interface are not exactly aligned. The resonators (U-shaped tubes) are filled with the oil and seawater, whose relative permittivities are 2.33 and 74, respectively, while the bottom plate is a 24 mm side copper plane with the conductivity being 5.8 × 10 7 S/m. The glass and oil are are loss free materials, and the conductivity of seawater is 3.51 S/m. Additionally, the structure is a combination of a right angle U-shaped tube and a long U-shaped tube. In those U-shaped tubes, the volumes of seawater and oil are equal. The details of parameters of Component 1 can be seen in Table 1 . The absorption A(ω) can be expressed as A(ω) = 1−R(ω)−T (ω) and the existence of the copper ground plane makes T (ω) zero, which brings about that the equation can be obtained by A(ω) = 1 − R(ω) (R(ω) represents the reflectivity, and T (ω) represents the transmission).
The whole results in this paper are simulated by the commercial software HFSS (High Frequency Structure Simulator developed by Ansoft). In this article, the TM wave, whose electric field is parallel to x axis and magnetic field is parallel to y axis, is shown in Fig.1(a) . In Fig.2 , the absorption spectra of such an absorber only containing Component 1 are given, when the absorber are in the un-rotated and rotated states, respectively. It is found that, for TM wave, an absorption over 90% in the un-rotated state (we define the initial state in Fig.1 as an un-rotated state) is located between 8.13 GHz and 10.80 GHz, while such an absorption will run from 6.50 GHz and 8.19 GHz when the absorber is rotated 180 • in xy plane (we call this state a rotated state). Obviously, the operating band of the absorber can be tailored by rotating itself, and a broadband absorber can be obtained when the unit cell of absorber is only with Component 1. This can be easily explained in physics that, when the presented absorber is rotated 180 • in xy plane, the distributions of seawater and oil will be changed under the action of the gravity field due to their different densities. Compared with the conventional tailored approaches, the way of gravity field regulation is simpler and less expensive. Apparently, the proposed tuned method is efficient. Thus, we can put Components 1 and 2 together to form an unit cell of a broadband absorber.
The different views of the proposed TGTMA are displayed in Figs.3(a) and (b), respectively. As shown in Fig.3 , the unit cell of the proposed TGTMA is plotted, which consists of Components 1 and 2 which are similar proportional, and all of the parameters of Component 2 are 0.9 times those for Component 1. By means of stacking, the combination of Components 1 and 2 improves the performance of such an absorber, and leads to a wideband absorption. In Fig.4 , for TM wave, the absorption of presented TGTMA in the unrotated and rotated states are depicted. As illustrated in Fig.4 , in the un-rotated state, a over 90% broadband absorption can be obtained from 5.6 GHz to 7.91 GHz, whose frequency range and relative bandwidth (RB) are 2.31 GHz and 34.2%, respectively. When such an absorber is rotated 180 • in xy plane (in the rotated state), it is observed that an absorption region (A ≥ 0.9) is located at 4.32 GHz-5.83 GHz with absorptivity above 90%, whose bandwidth and RB are 1.51 GHz and 29.75%, respectively. According to the results in Fig.4 , we can conclude that, for the proposed TGTMA, the operating band can be tailored by the gravity field, and an broadband absorption region (A ≥ 0.9) can be achieved in both states (the un-rotated and rotated states). Obviously, the presented TGTMA can work in two different frequency regions tailored by the gravity field, which is a novel control manner. In this model, we set periodic boundary conditions to simulate such a case and set Master-Slave boundary conditions. The upper surface is set to the Floquet port with TM wave incidence as shown in Fig.3 (c).
III. THEORETICAL ANALYSIS
As shown in Fig.5 , for TM wave, the surface current distributions of the metal ground plane and the electric fields of a section are presented at 4.6 GHz and 7.1 GHz in two states, respectively. It can be seen obviously from Fig.5 that the electric fields mainly focus on the areas where seawater exists. In Fig. 5(a) , the red regions, where the electric fields are located at, are enclosed by a black line in the rotated state at 4.6 GHz. Similarly, as shown in Fig.5(b) , in the un-rotated state, the electric fields are concentrated on the four corner regions (marked by the four ellipses) of the tubes at 7.1 GHz. On the other hand, we can see from Figs.5(c) and (d) that, the surface current distributions on the metal bottom plate are VOLUME 7, 2019 FIGURE 4. The absorption curves of the proposed TGTMA in the un-rotated and rotated states with a normal incident for TM wave.
unparalleled, and there are the central current distributions at the junction of two tubes on the bottom copper plane. In Fig.5(c) , the black arrows illustrate the main directions of surface currents are towards two ends of the tubes where the seawater exists. Obviously, the similar trends can be seen in Fig.5 Fig.5 , we can know that the electric fields are concentrated on the seawater, and the surface currents also can focus on two areas in the bottom metal plate. Therefore, the places where the electric fields are concentrated can be equivalent to placing the positive charges. Similarly, the regions where the surface currents are mainly centred can be equivalent to be set up the negative charges. Obviously, in such two cases, the metal bottom plate and the upper resonators can be acted as an electric dipole. Based on the physical resonance mechanism, the energy consuming is caused by the magnetic resonances. Thus, when TM wave propagates through the proposed TGTMA, the impedance matching can be occurred in the absorption band since the appeared magnetic resonances.
(d) (see two black arrows). According to the results in
To further reveal the physical mechanism of such a TGTMA, the power loss densities on a cutting plane at 4.6 GHz and 7.1 GHz for TM wave in two different tailored states are illustrated in Fig.6 , respectively. A clear conclusion can be obtained from Fig.6 that is the power of TM wave is mainly lost in Component 1. As shown in Fig.6(a) , the yellow arrows are located at the middle part of tube when the presented TGTMA is in the un-rotated state. The similar phenomenon also can be observed in Fig.6(b) , which is that the red arrows (the power loss) are concentrated on the tube of Component 1 in the rotated state. Because glass and oil are loss free materials, the power loss hardly can be appeared in both dielectrics when TM wave goes through such a TGTMA.
When the absorption happens, we choose to study the power flow for exploring the physical mechanism. In Fig.7 , When the absorption happens, we choose to study the power flow for exploring the physical mechanism. In Fig.7 , the power flows in the form of field lines in the presented TGTMA is plotted. Figs.7(a) and (c) show the power flow streams in the xz and xy planes at the lower frequency of 4.6 GHz (the rotated state), respectively. Figs.7(b) and (d) describe the power flow streams in the xz and xy planes at the higher frequency of 7.1 GHz (the un-rotated state), respectively. We can see from Figs.7(a) and (b) that, in the space far away from the resonators, the input power flow streams are parallel each other in both states. When the power flow streams shift from outside into the resonators of this absorber, most of power flow across the Components 1 and 2 become curl in the regions of filled with oil, and focus on the regions of seawater. Obviously, the power flow get more curly in the space occupied with the oil. The similar phenomena can be seen in Figs.7(c) and (b) . In both sates, the power density in the regions of seawater are at least several times than those of other regions of unit cell. Obviously, the results in Figs.6 and 7 are matched well.
In Fig.8 , the absorption curves of the proposed TGTMA for TM wave with different incident angles are plotted when such an absorber works in two different states. As shown in Fig.8(a) , in the un-rotated state, the absorption tends to increase with the larger incident angle. The RB of absorption region (A ≥ 0.9) is only 34.20% when θ = 0 • , while such a value will be changed to 94.60% at the case of θ = 60 • , and the absorption region (A ≥ 0.89) will span from 3.22 GHz to 9 GHz. When θ = 15 • , 30 • and 45 • , the absorption areas (A ≥ 0.9) are mainly located at 5.66 GHz-8.05 GHz, 5.80 GHz-9 GHz and 3.37 GHz-3.62 GHz, and 4.48 GHz-4.94 GHz and 5.84 GHz-9 GHz, respectively. In the rotated state, the similar phenomena can be observed in Fig.8(b) . The proposed of TGTMA has a 1.51 GHz absorption bandwidth whose RB is 29.75% at the case of θ = 0 • . The better performance of TGTMA also can be obtained when the incident angle is larger than 15 • . According to the result in Figs.8(a) and (b) , the better angle stability of such a TGTMA can be observed, and the contours of absorbance are also given for visual display in Figs.8(c) and (d) . We can see from Figs.8(a) and (b) that, in the un-rotated state, the absorption region (A ≥ 0.89) can cover the frequency area 6 GHz-8 GHz when the incident angle θ is enhanced from 0 • to 60 • . In the rotated state, on the vicinity of 4 GHz-6 GHz, the absorption area almost remains unchanged when the value of θ is enhanced from 0 • to 60 • . Benefited from the special design of the unit cell for the proposed TGTMA, the dielectric resonances can occur, which can lead to the magnetic resonances. When the TM wave propagate through it, the power of incident wave is more easily consumed. With the increasing value of incident angle, not only a broadband absorption region can be obtained in the presented TGTMA, but also a better performance can be found in the high-θ region.
In the manuscript, we use try-and-error method to obtain the optimal design. By scanning parameters, we get some absorption curves, and we get what is probably the optimized parameters after doing some comparison. In order to do further analysis, the absorption spectra of such a TGTMA with different r (d = 2r) in two states for TM wave are presented in Fig.9 . One can see from Fig.9 that, with increase of r, the edges of absorption region (A ≥ 0.9) shift to higher frequencies. As shown in Fig.9(a) , in the un-rotated state, when r = 0.5 mm, 2 mm and 3.5 mm, the absorption regions are located at 5.51 GHz-7.80 GHz, 5.60 GHz-7.91 GHz and 6.62 GHz-8.01 GHz, whose RBs are 34.41%, 34.20% and 16.32%, respectively. Obviously, the larger r will lead a narrower absorption region. However, the different trend can be found in Fig.9(b) , in the rotated state, when r = 0.5 mm, 2 mm and 3.5 mm, the absorption areas (A ≥ 0.9) cover 4.29 GHz-5.78 GHz, 4.33 GHz-5.83 GHz and 4.40 GHz-5.95 GHz, whose RBs are 29.59%, 29.53% and 29.95%, respectively. According to those results, we can know that, the performance of this TGTMA is hardly affected by r. The different results in Figs.9(a) and (b) can be explained. This is because the energy of incident TM wave is mainly lost in seawater. Therefore, in the un-rotated state, the parameter r will affect the distribution of seawater in the unit cell of such a TGTMA. Obviously, the performance of TGTMA depends on the value of r. Conversely, in the rotated state, the seawater is in a long U-shaped tube of unit cell for this TGTMA, and the location of seawater will not be changed with the increasing value of r. Although the distribution of oil in the presented TGTMA will be changed with the increase of r, the effective permittivity of such a TGTMA will not altered obviously. Thus, in the rotated state, the performance of TGTMA is almost unchanged. The similar phenomena can be seen in Figs.9(c) and (d). As shown in Figs.9(c) and (d), when r is enhanced from 0.5mm to 3.5 mm, in the un-rotated state, the performance of TGTMA deteriorates, and the absorption region (A ≥ 0.9) will divided into two parts in the high-r region. However, in the rotated state, the performance of TGTMA hardly is changed. In order to obtain an obvious tunable absorption region in two different states, r = 2 mm can be an optimized choice.
Meanwhile seawater itself owns a large dielectric permittivity, it would have a good performance as a absorbing material which will obtain a boardband absorption easily. Optimizing the parameters of the tube itself can make the effective dielectric permittivity of seawater better match the absorption frequency.
The absorption spectra of such a TGTMA for TM wave are plotted in Fig.10 , when the U-shaped tubes are made of different dielectrics, which are FR-4 (lossy free), FR-4 (lossy) and glass (Pyrex), respectively. It can be seen from Figs.10(a) and (b) that, in both un-rotated and rotated states, the absorption regions (A ≥ 0.9) are slightly altered, and the changed frequency ranges of absorption are less than 0.2 GHz. Such a phenomenon can be easily explained in physics. Compared with FR-4 (lossy free), FR-4 (lossy) and glass (Pyrex), the relative dielectric constant of seawater is much larger. Therefore, the effective permittivity of such a TGTMA will not tailored obviously, when the U-shaped tubes are fabricated by different dielectrics. It means that the impedance matching conditions of this TGTMA are not affected obviously by the dielectric of the U-shaped tubes. The the energy consuming of the proposed TGTMA is caused by the magnetic resonances, which originate from the dielectric resonances of seawater. Obviously, the results in Figs.9 and 10 are very consistent. As mentioned above, the materials of U-shaped tubes can be easily selected, if their permittivities are far more less than those of seawater.
In order to demonstrate that the proposed absorber is a metamaterial device, the electromagnetic parameter retrieval from inhomogeneous metamaterials is given in rotated state as shown in Fig.11 [26] .
As we can see in Fig.11(a) , the real part of permittivity is below 0 dB in the operating band of the rotated state. At the same time, there are intervals less than 0 dB among the working frequency. At 5.6 GHz whose absorption is the highest in rotated state, the real part of impedance is alomst equal to 1. As mentioned above, we can claim that the proposed absorber has metamaterial properties.
IV. CONCLUSIONS
In summary, a broadband TGTMA containing the liquid dielectrics (oil and seawater) is proposed, whose tailored approach is novel compared with other manipulation methods. Due to the role of gravity field, the absorption region (A ≥ 0.9) of such a TGTMA can be tuned directly by rotating. For TM wave, the proposed TGTMA can achieve a bandwidth of absorption with 2.31 GHz in the un-rotated state, which covers 5.6 GHz to 7.91 GHz, and its RB is 34.2%. In the rotated state, the frequency range of absorption region (A ≥ 0.9) is changed to 1.51 GHz, which runs from 4.32 GHz to 5.83 GHz, and the value of RB is altered to 29.75%. By analyzing the surface current of ground plane, the power flow and the power loss density, the physical mechanism which leads to the strong absorption is figured out in detail. The results show that the energy of incident wave is consumed mainly by the magnetic resonances and the dielectric resonances of seawater which can lead to a boardband absorption. The discuss of the geometric parameters, the incident angle and the materials of U-shaped tubes are also presented. The achieved results also show that the better performance can be observed in the high-θ region, in both tailored states. In the un-rotated state, the performance of TGTMA deteriorates with the increase of r. However, in the rotated state, the absorption region (A ≥ 0.9) of TGTMA hardly is altered. The materials of U-shaped tubes will hardly affect the performance of TGTMA, if their permittivities are far more less than those of seawater. Comparison with other tunable absorbers, the presented TGTMA is tailored by the gravity field, which can be realized without extra complicated control devices. As a conclusion, the proposed TGTMA can be applied in many fields, and the similar approach is equally applicable to designing the THz absorbers.
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